OXIDE-NITRIDE-OXroE STRUCTUip; 
FIELD OF THE INVENTION 

The present invention relates to non-volatile mMnoty cells in genetai, and 
particularly to an oxide-nitride-oxide (ONO) struotiwe for imjproved petfonnance of 
5 non-volatile memory cells with non-conducting charge trapping iLyexS. 

BACKGROUND OF THE INVENTION 
Nitride, programmable read only memory (NRO^jl) cells comprise an 
oxide-nitride-oxide (ONO) charge-trapping layer. Fig. 1 tUustratesIa typical stmctore of an 
NROM non-volatile memory device, | 
10 NROM device 10 preferably includes a channel 12 foimed in a substrate 14. Two difEusion 
- areas 16 and 18 are preferably fomied on either side of channel I2 in substrate 14, each 
? diffijsion area having a junction wilii chaimel 12. An oxide-nitride -oxide (ONO) layer 20 
(i.e., a sandwich of a bottom oxide layer 20A, a nitride layer 20B and a top o>dde layer 20C) 
is preferably formed at least over channel 12, and a polysUicon gate £22 is preferably formed 
|5 at least over ONO layer 20. NROM device 10 may comprise two s sparaied and separately 
chargeable areas 23A and 23B in the nitride layer 20B, each charg^ble area defining and 
•A storing one bit. One of ihe diftlision areas 16 and 18 serves as the drain, while the otiier 
serves as the source. In an array of NROM c^s, the drain and source may be connected to 
bit lines (not shown) and the gate may be connected to a word line (n6t shown). 
20 In the prior art, bottom oxide layer 20A is typically about 7 inm thick, nitride layer 

20B is typically about 5 nm thick, and top oxide layer 20C is typio illy about 9 nm thick. 
Accordingly, tiie overall thickness of ONO layer 20 is typically abo it21nmorl8nmm 
electrical oxide equivalent thickness. 
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Programming an NROM cell requires increasing the tiir4shold voltage of the cell. 
Programming an NROM cell typically involves applying a positive voltage to the gate 22, 

and a positive voltage to Htsis dssim while the sotuce is groiuided. "^e programming voltage 

I 

pulls electrons &om the source in. a lateral field through chamjiei 12. As the electrons 
accelerate to-wards the drain, they eventually achieve sufficient ejiergy to be injcscted in. a 
vertical field into the nitride layer 20B, 1iiis being known as hot elekton injection. When the 
drain and the gate voltages are no Icmger |»tiSent, the bottom oxidb layer 20A prevents the 
electrons fiom moving back in to channel 12. j 

Hot electron injection is the primaiy mechanism for programming the NROM cell. 
Another injection mechanism is known as secondary electron injecjion. Refeacring to Fig. 1, 
as mdioated by arrow 3, sonie cbannel electrons ei (J&om die piiitiary mechatdsm) create 
hole and electron pairs through ionization of valence electrons in chkonel 12 or the drain (in 
the illustrated example, diffhsion area 18 is fte drain). The probability of Hie ionization is 
denoted Mi and it indicates the ratio between tiie channel cuirentj and ifee hole substrate 
current. 

Due to the positive potential of the drain, generated electrcjn 62 is collected (arrow 

I 

1 1) by the drain. However, as indicated by arrow 13, hole h2 accelerates towards the low 
substrate potential of substrate 14. On the way, another impact 'iocaization may occur, 
creating another electron-bole pair eg-hs with probability Mj. Hole kg is pulled (arrow 15) 
further into substrate 14 and is no concenL However, electron es, called the secondary 
electron, is accelerated (arrow 17) towards ONO layer 20 where, if t has gained sufficient 
energy, it is injected into the nitride layer 20B, this evait havir^ a probability of T. 

The cxnrent for secondary injection (Ig) is defined as; 

Ie=^l5*Mi*M2*T 
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Secondaiy injectiOQ may not be good for all types of memory C5ells. For NROM 
cells, enhancing secondaty injection may degrade the operationi of the cell and may be 
d^rimental. ' 

■ i 

Erasing an NROM cell requires deceasing the threshold voltage of the cell. 
Erasing an NROM cell, which is done in the same soxirce/drain direction as programming, 
typically involves applying a negative voltage to tbe gate 22 and ja positive voltage to the 
drain, while the source may be floated. The negative gate voltage creates holes in the 
junction near the drain, typically through band-to-band tunneling, the holes are accelerated 
by the lateral field near the drain and the ONO layer 20. As the hol^ accelerate towards the 
drain, they eventually achieve sufficient energy to be injected into the nitride layer 20B, this 
being known as tunnd-assisted hot hole injection. When the drain and the gate voltages are 
no longer present, the bottom oxide layer 20A prevents the holes ftom moving back in to 
chamel 12. 

There may be several problems involved with injecting channel hot electrons 

(CHE) in the operation of NROM cells. As more electrons 1 are injected into the 
charge-trapping layer, there is a wider distribution of the electron^ in the charge-trapping 
layer. The wider distribtrtion of eleotcons is more difficult to erase, and results in a poorer 
matching of the electrons and holes in the charge-trapping layer. The poorer matching may 

i 

in turn lead to erase degradatton of the cell after many operating c;jrcles, thereby reducing 
cycling and retention properties of the ceE. Furthermore, an increase in primary electrons 
injected into the charge-trapping layer correspondingly increases the probability of 
secondary injection- Another disadvantage is that higher currents may be needed to program 
ihs ceil. This may also reduce retention properties of the cell and increase the probability of 
secondaiy injection. 
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SUMMARY OF THE INVENTION 

The preseat invention seeks to pro\ide an improved ONO structure for 
non-volatile memory devices with oxide-nitride-oxide layers, such, as, but not limited to, 
NROM devices- Alliiough the invention is not limited to NROM devices^ for the sake of 
simplicily, the InvCTttion will be described hereinbelow with reference to NROM devices. In 
the present invention, the top oxide layer may be thickened, while the nitride layer and the 
bottom oxide layer may be thinned. 

The increased thickness of the top oxide layer may have several advantages. The 
thicker top oxide layer may decrease the capacitance between the gate and the 
charge-trapping nitride layer. The change in charge (AQ) stored in the charge-trapping layer 
is proportional to the product of this c^adtanoe (C) and the change in threshold voltage 
(AV). This means that in order to attain the same increase in threshold voltage (AV) as the 
prior _^art, fewer electrons need to be injected into the nitride layeij. In other words, when 
programming the cell, fewer electrons need to be injected through' the bottom oxide layer 
into the nitride layer in order to achieve the same increase in the threshold voltage of the 
cell. Likewise, when erasing the cell, fewer holes need to be injected through the bottom 
oxide layer into the nitride layw in order to achieve the same decrease in the threshold 
voltage of the prograromed cell. 

Some of the advantages of fewer electrons/holes are; a narrower electron 
distribution and a better matching of the electrons and holes in the' charge-trapping layer, 
The better matching results in less erase degradaticm after many operating cycles, which 
further results in better cycling and retention properties of the cell. The narrower electron 
distribution also results in a lower substrate current (Is). The lower 'in turn reduces effects 
of secondary injection in the NROM cell, as is ejcplained finthea: hereinbelow. 
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An overall increase in the ONO layer may achieve fester progranuaing/erasing 



There is thus provided in accordance with a prefeired eiiabodimertt of the present 
invention a method far forming a non-volatile memory device, ib& method iaoclnding 
forming an oxide-nitride-oxide (ONO) layer over a portion of a substrate, the ONO layer 
including a bottom oxide layer, a top oxide layer and a nitride layej- intermediate the bottom 
and top oxide layers, and managing movement of at least one of electrons and holes ftom 
the substrate towards the ONO layer by controlling a thickness of dt least one of the bottom 
oxide layer, the nitride layer and the top oxide layer, wherein the 1 3p ojdde layer is at least 
1 .5 times thicker than the bottom oxide layer. 

The method may include forming a fbickness of the top oxide layer in a range of 
approximately 6-20 nm. The nitride layer thickness may be in a range of approximately 
1 -2 nm. The bottom oxide layer thickness may be in a range of appiloximately 4-5 nm. 

In accordance with a preferred embodiment of the present jinvention the top oxide 
layer is at least three times thicker than the nitride layer. I 

Further in accordance with a preferred embodiment of the j^sent invention the top 
oxide layer is j^roximately 3-20 times thicker than the nitride layerj 

In accordance with a preferred embodiment of the present invention Ihe top oxide 
layer is at least 1 .5 times thicker than the bottom oxide layer. 

Further in accordance with a preferred embodiment of tihe pa es&at inveation the top 
oxide layer is approxirastely 1 .5-4 times thicker than the bottom oxid s l&yex. 
Still fbrther in accordance with a preferred embodimeut of the pr^eot invmtion the top 
oxide layer is at least half of an overall thickness of the ONO layer. 
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There is also provided in accordance wifh a preferred erjibodimerrt of the present 
invention a method for forming a non-volatile memory devick the method including 
foiming an oxide-nitride-oxide (ONO) layer over a portion of a substrate, Hbs ONO layer 
including a bottom oxide layer, a top oxide lay^ and a nitride layer intertnediate the bottom 
and top oxide layers, forming a gate over at least a portion of the ONO layer, and decreasing 
a capacitance between the gate and the nitride layer by controlling i thickness of at least one 
of the bottom oxide layer, the nitride Isyex and the top oxide layer, wherein the top oxide 
layer is at least 1.5 times thicker than, the bottom oxide layer. 

TThere is also provided in accordance with a preferred er^bodiment of the present 
invention a method for forming a non-volatile memory device, the method including 
fomung an oxide-nitride-oxide (ONO) layer over a portion of a s jbstrate, the ONO layer 
including a bottom oxide layer, a top oxide layer and a nitride layer intermediate the bottom 

and top oxide layers, foiming a gate over at least a portiott of the Oi^O layer, and increasing 

i 

a threshold voltage of the non-volatile memory device per numbel of electrons injectable 
into the nitride layer by controlling a thickness of at least one of the bottom oxide layer, the 
nitride layer and the top oxide layer, wherein the top oxide layer is st least 1.5 times thicker 
&an the bottom oxide layer, i 

There is also provided in accordance with a preferred embbdiment of Hic present 
invention a method for fbrmitig a non-volatile memory device, the method including 
foiming an oxide-nitride-oxide (ONO) lay^r over a portion of a supstrate, the ONO layer 
including a bottom oxide layer, a top oxide layer and a nitride layer i rtermediate the bottom 
and top oxide layers, forming a gate ovar at least a portion of the ON< ) layer, and decreasing 
a threshold voltage of the nxm-volatile memory device per number of holes injectable into 
the nitride layesr by controlling a thickness of at least one of the b >ttom oxide layer, the 
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nitride layer and the top ojcide layer, wfaerdn the top oxide layer i$ at least 1.5 tinies thidcer 
than the bottom oxide layer. 

There is also provided in accordance with a preferred embodiment of the present 
invention a method for forming a non-volatile memary device, the melhod incltidrng 
forming an oxidie-nitride-oxide (ONO) layer over a portion of a substrate, tiie ONO layer 
including a bottom oxide layer, a top oxide layer and a nitride layet intemediate the bottom 
and top oxide layers, forming a gate over at least a portion of the OjNO layer, and narrowing 
a distribution of electrons injectable into the nitride layer by controlling a thickness of at 
least one of the bottom oxide layer, the nitride layer and tbe top oxide layer, wherein the top 
oxide layer is at least 1 .5 times thicker than the bottom oxide layer. 1 

There is also provided in aocordanoe with a preferred emjjodiment of the present 
invention a method for forming a non-volatile memory device^ tiie method including 
forming an oxide-uitride-oxide (ONO) layer over a portion of a substrate, the ONO layer 
including a bottom oxide layer, a top oxide layer and a nitride layer intemiediate the bottom 
and top oxide layers, forming a gate over at least a portion of the ONO layer, and improving 
a matching of electrons and holes injectable into die nitride layer by controlling a ihickness 
of at least one of the bottom oxide layer, the joitride layer and the top oxide layer, wherein 
the top oxide layer is at least 1 .5 times thicker than the bottom oxide layer. 

There is also provided in accordance vwth a preferred embodiment of the present 
invention a method for forming a non-volatile memory device,. the method including 
forming an oxide-nitride-oxide (ONO) layer ovct a portion of a substrate, the ONO layer 
including a bottom oxide layer, a top oxide layer and a nitride layer i nlerraediate the bottom 
and top oxide layers, forming a gate over at least a portion of the ON 0 layer, and enabling a 
reduction of operational current in the substrate by controlling athicjoiess of at least one of 
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the bottom oxide layer, the nitride layer and the top oxide layer, v|ieiein the top oxide layer 
is at least 1 .5 times thicks than the bottom oxide layer. i 

There is also provided itt aocordaaoe with a preferred er^bodiment of the present 
invention a mettiod for operating a non-volatile memory devi<^, the method including 
5 providing an oxide-nitride-oxide (ONO) layer over a portion of a isubstrate, the ONO layer 
includiiig a bottom oxide layer, a top oxide layer and a nitride laye| intermediate the bottom 
and top oxide layers, j^plyia^g operatiiig voltages to the non-vol^e memory device, and 
controlling the operating voltages by controlling a thickness of alj least one of the bottom 
oxide layer, the nitride layer and the top oxide layer, wherein the ij^p oxide layer is at least 
10 1.5 times thicker than the bottom oxide layer. | 
: There is also provided in accordance twth a prefored embodiment of the present 

invention a non-volatile memory device including a channel fonked ia a substrate, two 
diffiision areas formed one on either side of the channel in the substrate, each diffusion area 
I ^ having a junction -whfa Hhe channel, the channel being adapted io permit movement of 
, 15 primary electrons to at least one of the diffusion areas, and an oxide-nitide-oxide (ONO) 
, ^ layer formed at least over the channel, the ONO layer including a bottom oxide layer, a top 
oxide layer and a nitride layer intermediate the bottom and top c|xide layers, wherein a 
J thickness of at least one of the bottom oxide layer, the nitride layer aid the top oxide layer is 
adapted to manage movement of at least one of electrons and holes firom the substrate 
20 towards the ONO layer, wherein the top oxide layer is at least 1.^ times thicks- than the 
bottom oxide layer. i 
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BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention wUI be understood and appreciated more folly fiom the 
following detailed description taken in conjunction witb. the appended drawings in which: 

Fig. 1 is a simplified illustration of a ^ical stcuoture of an NROM non-volatiie 
memoiy device of the prior art; ; 

Fig. 2 is a simplified illustration of a non-volatile memory device with a modified 
ONO layer, constructed and operative in accordance with an embodiment of the invention; 

Fig. 3 is a simplified graphical illustration of a comparison of programming drain 
voltages for the memoiy device of Fig. 2 versus the prior art NROM device of Fig. 1; 

Fig. 4 is a simplified graphical illustration of a comparison of erasing speed for the 
memory device of Fig. 2 versus the prior art NROM device of Fig. 1; 

Fig. 5 is a simplified graphicsal illustration of a comparison of substrate cutiCTt for 
the memory device of Fig. 2 versus the prior art NROM device of Fig. 1 ; and 

Fig. 6 is a simplified graphical illustration of a comparison of the erase 
performance, after many cycles, of the manoty device of Fig. 2 versus the prior art NROM 
device of Fig. 1. 



DETAILED DESCRIPTION OF THE PRESENT ipSVENTION 
Reference is now made to Fig. 2, vM.ch illustrates a no^-volatile memory device 
30, such as an NROM device, constructed and operative in accord^ce with an embodiment 

of the invention. ! 

! 

5 Memory device 30 preferably includes a chamel 32 formed in a substrate 34. Two 

i 

diflusiott areas 36 and 38 are preferably formed on either side of cljiannel 32 in substrate 34, 
each diffusion area having a junction with channel 32. An oxide-n^tride-oxide (ONO) layer 
40 (i.e., a sandwich of a bottom oxide layer 40 A, a nitride layer 4^B and a top oxide layer 
40C) is preferably formed at least over chaimel 32, and a polysili<fon gate 42 is pref^bly 
JO formed at least over ONO layer 40. Memory device 30 may coniprise two separated and 
separately chargeable areas 43A and 43B in the nitride layer 40^, each chargeable area 

S , i 

defining aad storing one bit 

In accordance with an embodiment of the invention, the tbp oxide layer 40C may 

^ ^ be thicker than liue prior art Optionally, the nitride layer 40B andj tfie bottom oxide layer 

ill i 
■ 15 40 A may be tliioner. One set of possible thicknesses for the layers, although the inventiou is 

;U ! 

j f not limited to these values, is as follows: the top oxide layer 40C - 6^-20 nm, the nitride layer 
- .."i 40B - 1-2 nm, and the bottom oxide layer 40A - 4-5 nm. As anothcaj example, tiie top oxide 
f, layer 40C made be made thicli^ such that the overall thickness of ^NO layer 40 is greater 
than the prior art, such as, but not limited to, about 22-30 nm. In terms of ratios, the top 
20 oxide layer 40C may be at least three times thicker (e.g., in the range of approximately 3-20 
times flicker) than tiie nitride layer 40B, The top oxide layer 40C may be at least 1 ,5 times 
thicker (e.g., in the lange of approximately 1.5-4 times thicker) than the bottom oxide layer 
40 A. The top oxide layer 40C may comprise at least half of the ov< taR thickness of ONO 
layer 40. 
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The modification in the layer thickness may be constrained by certain limitations. 
For example, the mmtmum thidkness of tiie bottom oxide layer 40 A may be constrained by 
a minimum requirement for protection against ditect tunneling tjurtent from nitride layer 
40B to substrate 34. The minimum thickn^s of the nitride layer 4QB may be constrained by 
5 a minimnm requirement for charge tr^ping c^abiKty in ONO layer 40. The thickness of 
the top oxide layer 40C may be dictated by functionality requirements, such as, but not 
limited to, tireshold voltage, for example. ^ 

Reference is now made to Fig. 3, which is a graphical iUijstration of a comparison 
of programming drain voltages for the memory device 30 v^us thi prior artNROM device 
10 10 of Fig. 1 in a mini-air^ configuration. The thicker ONO stadc (ONO layer 40) may 
result in smaller progranuning voltages, which means tiiat lower int line voltages may be 
used to program memory device 30 as opposed to the prior art JvfeLOM device 10. Fig. 3 
illustrates programming the NROM devices with a gate voltage o^ 9 V for 2 |lis, although 
^ the invendoa is not limited to these values. As se^ in Fig. 3, in order to pmgram the cell 
''''i5 wift. an increase of 1,6 V in the threshold voltage, the memory device 30 of the present 
'1^ invention may require a drain voltage of only 5.4 V (graph 44) as opposed to lie prior art 
NROM device 10 which may require a drain voltage of 6.0 V (gra||h 46). Ttus the pres^ 
invention reduces the programming voltages that are required to achieve a give tibreshold 
voltage, and increases the programming speed Reference is now m^ to Fig. 4, wbidi is a 
graphical illustration of a comparison of erasing speed for the memoky device 30 versus the 
prior art NROM device 10 of Pig. I, wherein the overall thictoess of flie ONO layer of ftie 
memory device 30 is greater than the prior art NROM desvice 10. Curve 52 of Fig, 4 



illustrates erasing the memory device 10 of the prior art with a gate 



drain voltage of 6 V for 250 \jls. Curve 50 of Fig. 4 illustrates erasing ; the NROM device 30 

I 



voltage of -3 V and a 



of the present invention -with the same negative gate voltage of -3 V, and the same drain 
voltage of 6 V, for 250 lis, although the invention is not limited io these values. It is seen 
that for the same negative gale voltage, it may take about 10 times longer to erase tibe 
NROM device 30 of the present invention than to erase the memory devicse 10 of the prior 
art. However, for these erasure voltages, the vertical field of the memory device 10 of the 
prior art is different than the vertical field of the KROM device 3 J of the present invention. 
A comparison of tjje two de^dces with equal vertical fields may be seen in curve 48 of Pig. 
4. Curve 48 illustrates erasing the NROM device 10 of the prior art with a gate voltage of 
-1.125 V and positive drain voltage of 6 V for 250 fis, which re^ts in substantially tiie 
same vertical field associated with curve 50. It is seen that for the same vertical field, the 
NROM device 30 of the present invention may be erased about 10 times faster than the 
memory device 1 0 of the prior art. 

i 

Fewer holes need to be injected teough the bottom oxide layer 40A into 1he nitride 
laya: 40B in order to achieve the same decrease in the threshold! voltage of the memory 
device 30, thereby achieving the faster erase speed. 

Reference is now made to Fig, 5, which is a gr^hical illustration of a comparison 
of substrate cnrreat (Is) for the programmed memory device 30 versus Uie prior art 
programmed NROM device 10 of Fig. 1 . Curve 54 of Fig. S illustrates Is versus gate voltage 
for the programmed memory device 30 of the present invention. Tp. contrast, curve 56 of 
Fig. 5 illusttates Is versus gate voltage for the programmed NRO^ device 10 of the prior 
art It is seen that for the same gate voltages, the Is for the programmed memory device 30 
of the present invention is lower by about an order of magnitude than the Ij for the 
programmed NROM device 10 of the prior art. Tbe lower 1^ in turn reduces effects of 
secondary injection in the memory device 30. 
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Reference is now made to Fig. 6, widch is a graphical iU ustradon of a comparison 
of the erase performance, afiser many cycles, of the memory deviije 30 versus the prior art 
NROM device 1 0 of Fig. 1 . Curves 58A and 58B of Fig. 6 iUustrai e the degradation in erase 
of the NROM device 10 of the prior art after about 10,000 cycles It is noted ihat there is a 
degradation of over 1 V. The degradation may be due to a -wide ele ctron distribution and the 
secondary injection mechanism. In contrast. Curves 60A and 60 3 of Fig, 6 illustrate the 
degradation in erase of the memory device 30 of the present invention. Virtually no 
degradation is seen after about 10,000 cycles. The better matehing kesults in better retention 
and cycling properties of the memory device 30. 

It will be appreciated by persons skilled in the art that th€ present invention is not 
limited by what has been particulariy shown and described herein above. Radier the scope 
of the invention is defined by the claims that follow: 
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